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The evolution of transcriptional regulatory networks entails the
expansion and diversiﬁcation of transcription factor (TF) families.
The forkhead family of TFs, deﬁned by a highly conserved winged
helix DNA-binding domain (DBD), has diverged into dozens of
subfamilies in animals, fungi, and related protists. We have used a
combination of maximum likelihood phylogenetic inference and
independent, comprehensive functional assays of DNA binding
capacity to explore the evolution of DNA binding speciﬁcity within
the forkhead family. We present converging evidence that similar
alternative sequence preferences have arisen repeatedly and inde-
pendently in the course of forkhead evolution. The vast majority
of DNA binding speciﬁcity changes we observed is not explained
by alterations in the known DNA-contacting amino acid residues
conferring speciﬁcity for canonical forkhead binding sites. Intrigu-
ingly, we have found forkhead DBDs that retain the ability to bind
very speciﬁcally to two completely distinct DNA sequence mo-
tifs. We propose an alternate speciﬁcity-determining mechanism
whereby conformational rearrangements of the DBD broaden the
spectrum of sequence motifs that a TF can recognize. DNA binding
bispeciﬁcity suggests a new source of modularity and ﬂexibility in
gene regulation and may play an important role in the evolution
of transcriptional regulatory networks.
DNA binding speciﬁcity j evolution j transcription factor
Introduction
The regulation of gene expression by the interaction of
sequence-specifictranscriptionfactors(TFs)withtargetsites(cis-
regulatoryelements)neartheirregulatedgenesisacentralmech-
anismbywhichorganismsinterpretregulatoryprogramsencoded
in the genome to develop and interact with their environment.
The emergence of new species has depended in part on the
evolution of the network of interactions by which an organism's
TFs control gene expression. Much attention has been paid to
changes in cis-regulatory sequences over evolutionary time, as
these changes can result in incremental modifications of organis-
mal phenotypes without large-scale "rewiring" of transcriptional
regulatory networks that would result from changes in TF DNA
binding specificity (1). Nevertheless, TFs and their DNA binding
specificities have changed over time (2). Gene duplication, fol-
lowed by divergence of the resulting redundant TFs, has resulted
in the emergence of families of paralogous TFs with diversified
DNA binding specificities and functions (3). Thus, identifying
mechanisms by which related DNA-binding domains (DBDs)
have acquired novel specificities is important for understanding
TF evolution.
The forkhead box (Fox) family of TFs spans a wide range
of species, and is one of the largest classes of TFs in humans.
In metazoans, Fox proteins have vital roles in development of a
variety of organ systems, metabolic homeostasis, and regulation
of cell cycle progression, while fungal Fox proteins are involved
incellcycleprogressionandtheexpressionofribosomalproteins.
TheFoxfamilyofTFssharesaconservedDBDthatisstructurally
identifiable as a subgroup of the much larger winged helix super-
family, which includes both sequence-specific DNA-binding pro-
teins and linker histones, which appear to bind DNA nonspecif-
ically (4, 5). Proteins with unambiguous sequence homology to
the forkhead domain are present throughout opisthokonts—the
phylogenetic grouping which includes all descendants of the last
common ancestor of animals and fungi—but have diverged so
extensively over approximately one billion years of evolution that
distantly related Fox proteins are not generally alignable outside
the forkhead domain (6, 7). Moreover, distantly related Fox-
like domains have been found in Amoebozoa, a sister group
to opisthokonts (8). Three distinct subfamilies (Fox1 through
Fox3) of fungal Fox proteins have been identified. Metazoan Fox
proteins are classified into 19 subfamilies (FoxA through FoxS),
some of which have been further subdivided on phylogenetic
grounds.
The Fox domain itself is roughly 80–100 amino acids (a.a.) in
length and, like other winged helix domains, comprises a bundle
of three α-helices connected via a small β-sheet to a pair of
loopsor"wings".Inavailablestructuresofforkheaddomain-DNA
complexes, helix 3 forms a canonical recognition helix positioned
in the major groove of the DNA target site by the helical bundle,
whilethewings,whichoftencontainapoorlyalignableregionrich
in basic residues, lie along the adjacent DNA backbone (9-13).
Several groups have studied the evolutionary history of the
family using multiple sequence alignment and phylogenetic infer-
ence methods; however, the results of these studies are in many
casesinconsistent.Publishedforkheadphylogenieslackstatistical
support for deep branches and the relative positions of forkhead
subfamilies, especially of the fungal groups (14, 15). Thus, the
relationships among Fox genes have remained unclear.
In separate studies, the DNA binding specificities of various
forkhead proteins have been examined. In most cases, in vitro
binding has been observed to variants of the canonical forkhead
target sequence RYAAAYA (16-21), which we refer to as the
forkhead primary (FkhP) motif (Figure 1). A similar variant,
AHAACA, has been observed in in vitro selection (SELEX) (17)
and protein-binding microarray (PBM) experiments (20); this
specificity appears to be common to several Fox proteins, and we
refer to it as the forkhead secondary (FkhS) motif (22). However,
a SELEX study of the FoxN1 TF mutated in the famous nude
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Fig. 1. DNA binding site motifs bound by forkhead domain proteins. A
representative member of each class of binding site discussed in the text is
shown.Boldsymbolsareusedtorepresentbindingspeciﬁcitiesinsubsequent
ﬁgures.
mouse identified an entirely different sequence, ACGC, as its
preferred binding site (23). The closely related Mus musculus
FoxN4 has been shown to bind ACGC in vivo (24). A PBM
survey of Saccharomyces cerevisiae TFs identified a very similar
sequence, GACGC, as the binding site of the Fox3 factor Fhl1
(19); we therefore refer to the GACGC site as the FHL motif
(Figure 1).
PreviousworkondifferencesinforkheadDNAbindingspeci-
ficity has focused on preferential recognition of FkhP and FkhS
variants by forkhead proteins (17, 18). Contrary to the common
mechanism of varying specificity by changing a.a. residues that
make base-specific DNA contacts (25), the positions in the fork-
head recognition helix that make base-specific contacts are con-
served across proteins with different binding specificities (9, 17).
In sub-domain swap experiments, a 20-a.a. region immediately
N-terminal to the recognition helix was shown to switch DNA-
binding specificities between forkhead proteins (17). Interest-
ingly, this region has been shown by NMR to adopt different
secondary structures in forkheads with distinct DNA binding
specificities(26).However,asimilaranalysisofsequencefeatures
conferring binding to the FHL motif has not been performed.
The observation of binding to such different sequences –
RYAAAYA and GACGC –within widely diverged members of
the Fox family raises the question of how the binding specificity
of these proteins has evolved. We have addressed this question
using a combined phylogenetic and biochemical approach. We
conducted a phylogenetic analysis of Fox domains from 10 meta-
zoans,30fungi,and25protists(TableS1).Wechosethesespecies
based on their evolutionary importance and annotation level (27)
(Figure S1). For example, we included Spizellomyces punctatus
and Fonticula alba, since they are very close to the root of fungi
and a closely related outgroup, respectively. We considered con-
served splice junctions along with multiple sequence alignment
to infer the phylogeny. We assayed DNA binding specificity in
vitro using universal PBM technology, in which a DNA-binding
protein is applied to a double-stranded DNA microarray con-
taining 32 replicates of all possible 8-bp sequences (8-mers) and
is fluorescently labeled, permitting the exhaustive cataloguing of
the range of sequences a protein can recognize (28). We analyzed
the binding specificities of 30 forkhead proteins, combining pre-
viouslypublisheddatafor9proteinswithdatafor21proteinsthat
we newly characterized for this study (Table S4). We focused on
proteins from clades where we had previously observed alternate
binding specificities and clades of unknown specificity. By using
two orthogonal means of evaluating the same proteins, we obtain
a much richer picture of the evolutionary trajectory of changes
Fig. 2. Maximum likelihood phylogenetic tree of forkhead domains. This
compact tree was constructed for presentation purposes from a represen-
tative subset of phylogenetically informative species: metazoans mouse, ﬂy
and sponge; choanoﬂagellates Salpingoeca rosetta and Monosiga brevicol-
lis; Capsaspora owczarzaki and Sphaeroforma arctica from Ichthyosporea;
Saccharomyces cerevisiae from Dikarya; Allomyces macrogynus from Blas-
tocladiomycota; Spizellomyces punctatus from Chytridiomycota; Mortierella
verticillata from Mortierellomycotina; Fonticula alba from Nucleariida; Acan-
thamoeba castellanii from Amoebozoa. Nodes supported with strong likeli-
hood ratios are indicated with red circles (aLRT ≥99%) or blue circles (aLRT
≥95%); bootstrap support values are shown for nodes with ≥80% support.
Clades containing alternate binding speciﬁcities are highlighted in color (see
text). Importantly, the groupings of subfamilies in this tree and the complete
tree with all Fox domains are almost identical to each other (see Figure S2).
in TF DNA binding specificity than either analysis alone can
provide.
Results
The published observation of roughly the same alternate binding
motif (FHL) for metazoan FoxN1/4 and fungal Fox3 suggests
the parsimonious hypothesis that they derive from a common
FHL-binding ancestral protein in the last common ancestor of
opisthokonts. To explore this hypothesis, we performed phyloge-
netic inference on a broad group of Fox domain sequences (see
Materials and Methods), spanning 623 genes from 65 species (Ta-
ble S1, Figure S1)). We included two distantly related forkhead
domains from the opisthokont sister group Amoebozoa as an
outgroup. After removing partial domain sequences and those
identical throughout the Fox domain, we used 529 Fox domain
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Fig. 3. Detailed analysis of Fox3 and FoxN subfamilies. Maximum likelihood
phylogenetic trees for Fox domains from a broader range of species for (A)
fungal Fox3, and (B) holozoan FoxN/R clades. Red and blue circles indicate
node support as in Figure 2. Bold symbols represent binding capacity for
different motif classes as deﬁned in Figure 1.
sequences (340 non-redundant, TableS1). Weconstructed a com-
plete maximum likelihood (ML) tree of all non-redundant Fox
domain sequences (Figure S2). For each branch, the approximate
Likelihood-Ratio Test (aLRT) and 100 bootstrap replicates were
used to evaluate support for inferred relationships (see Materials
and Methods). For presentation purposes, we constructed a ML
tree of 262 (133 non-redundant) Fox domains from selected
informative species (Figure 2, Table S1).
Various portions of the phylogeny could be determined with
high confidence. Our analysis recovered the previously identified
subfamily relationships between Fox proteins, as well as identify-
ing a new fungal group (Fox4) not previously observed because it
is not represented in S. cerevisiae. However, the structure of the
deep portions of the Fox tree could not be resolved for two major
reasons. First, the number of alignable positions within the Fox
domain is too small to resolve the phylogenetic history of such a
broadly and deeply diverged family, and regions outside the do-
mainarenotalignableamongdistantlyrelatedmembers.Second,
some Fox genes appear to have evolved through gene conversion
and/or crossover events (15), as evinced by the appearance of
species-specific Fox domain signatures.
The ML tree inferred here strongly supports the hypothesis
of Larroux et al. that a monophyletic group of forkhead domains
(which they refer to as clade I) emerged in the common ancestor
of metazoans (14) (aLRT value = 0.9999, bootstrap value = 4%)
(Figure 2). Additionally, there is a splice site between a.a. posi-
tions 46 and 47 in the Pfam Fork head domain hidden Markov
Fig. 4. Biclustering of Fox domain binding data reveals multiple functional
classes. E-score binding proﬁles were clustered both by protein (rows) and
by contiguous 8-mer (columns) for any 8-mer bound (E-score ≥ 0.35) by at
least one assayed Fox protein. Fox domains fall into functional classes (bold
symbols represent binding capacity for different motifs as deﬁned in Figure
1)thatdonotuniformlycorrelatewithphylogeny(proteinnamesarecolored
by phylogenetic grouping as in Figure 2). Cluster 1 (black bar) comprises
proteins speciﬁc only for the FkhP,S motifs, cluster 2 proteins are speciﬁc
only for FHL variants, and cluster 3 proteins have more complex speciﬁcity;
see text for details. Sequence motifs shown were generated by alignment of
the indicated clusters of 8-mers and are for visualization purposes only.
model (29) conserved in various clade II forkhead proteins across
kingdoms; no clade I genes share this splice site, further support-
ing the monophyly of clade I in metazoans.
Surprisingly, there is no support for a tree topology in which
metazoan FoxN and fungal Fox3 subfamilies form a mono-
phyletic, FHL-binding clade. A tree containing a FoxN+3 clade
(Figure S3A) is significantly less likely than the observed tree (p
< 10
-8, likelihood ratio test), and likelihood maximization using
this as a starting tree separates the FoxN and Fox3 clades (Figure
S3B,C).Moreover,weseeseparate,well-supportedclades(aLRT
values ≥ 0.99) combining each of these groups with others that
bind only the FkhP and FkhS motifs (Figure 2). This result
suggests that FHL binding capacity evolved twice independently
within the family, and led us to examine these two subgroups in
more detail.
A phylogenetic tree constructed from only fungal Fox3 do-
mains (Figure 3A) is much more stable than the larger, more
complex tree, with acceptable bootstrap support at major branch
points; moreover, it follows the species tree closely (see Figure
S1), suggesting radiation of a family of orthologs. The most
basally diverged member of this group, Allomyces macrogynus
Fox3, binds only the canonical FkhP and FkhS motifs (Figure
3A and Figure 4), providing experimental support for the hy-
pothesis that FHL binding arose within the Fox3 clade after its
divergence from other forkhead domains. The remaining Fox3
proteins considered here fall into two distinct groups. Those most
closely related to Fhl1 (S. cerevisiae Fox3) show the same FHL-
binding specificity, binding the FkhP,S motifs no better than non-
forkhead proteins (percent signs in Figure 3A). Members of the
other group, including Aspergillus nidulans Fox3, bind another
motif entirely, which we term the Forkhead Variant Helix (FVH)
motif (dollar signs in Figure 3A; see Figure 1), with no specific
binding to either the FkhP,S or FHL motifs.
Similarly, the phylogeny of the holozoan FoxN subfamily is
relatively stable (Figure 3B). Our analysis supports the existence
273
274
275
276
277
278
279
280
281
282
283
284
285
286
287
288
289
290
291
292
293
294
295
296
297
298
299
300
301
302
303
304
305
306
307
308
309
310
311
312
313
314
315
316
317
318
319
320
321
322
323
324
325
326
327
328
329
330
331
332
333
334
335
336
337
338
339
340
Footline Author PNAS Issue Date Volume Issue Number 3
341
342
343
344
345
346
347
348
349
350
351
352
353
354
355
356
357
358
359
360
361
362
363
364
365
366
367
368
369
370
371
372
373
374
375
376
377
378
379
380
381
382
383
384
385
386
387
388
389
390
391
392
393
394
395
396
397
398
399
400
401
402
403
404
405
406
407
408Submission PDF
Fig.5. CanonicalFoxbase-contactingresiduesdonotexplainmostalternate
speciﬁcity. (A) A previous co-crystal structure of mouse FoxK1 bound to the
canonical FkhP site GTAAACA (PDB ID 2c6y, (10)). The recognition helix is
highlighted; side chains are shown in blue and labeled for those a.a. that
make base-speciﬁc contacts in at least two existing structures. (B) Protein
sequence alignment of the recognition helix (red underscore) and adjacent
positions for a sample of Fox domains representing various speciﬁcity classes
(bold symbols represent binding capacity for different motif classes as de-
ﬁned in Figure 1). Numbers above alignment represent positions within the
Pfam Fork head domain HMM. Supporting Information:
of a fundamental split into FoxN1/4 and N2/3 clades, with FoxR
(initially called N5 (30)) placed within the N1/4 group (14). As
expected, FoxN1 and other N1/4 proteins are highly specific for
the FHL motif. Surprisingly, all FoxN2/3 proteins assayed by
PBMs exhibited high sequence specificity for both the FkhP,S
and FHL motifs (see Figure 4). For example, the top two 8-
mers (ranked by PBM enrichment (E) score, which indicates the
preference of a protein for every possible 8-mer (28)) bound by
the Drosophila melanogaster FoxN2/3 protein CHES-1-like are
ATAAACAA and GTAAACAA, perfectly matching the FkhP
consensus, while the next two are the FHL matches GACGC-
TAA and GACGCTAT. FoxR1 also shows bispecificity, despite
presumably arising from an FHL-specific N1/4 ancestor. Such
bispecificity for two seemingly unrelated sequence motifs by a
single DBD (i.e., excluding proteins with multiple DNA-binding
subdomains) has not been observed previously.
Consistent with the hypothesis that FHL binding arose in-
dependently in the fungal Fox3 and holozoan FoxN groups, we
observed slight variations between the versions of the FHL motif
bound by each of these two groups. Specifically, all tested FHL-
binding Fox3 proteins strongly prefer A immediately 3’ to the
core GACGC, which we refer to as the FHL-3 motif, while
FHL motifs from FoxN/R proteins all strongly disfavor A in that
position, a variant we refer to as the FHL-N motif (Figure 1).
Similarly, Homo sapiens FoxR1 (which appears to have regained
FkhP,S binding from an FHL-only ancestor) strongly prefers a
C at position 2 of the FkhP motif, while other FkhP-binding Fox
domains strongly prefer T at that position (Figure 4 and Figure
S4).
The unexpected variety in Fox domain binding specificity
led us to perform additional PBM experiments on a range of
Fox domains, focusing on representative proteins from other
clade II groups such as Fox4 and FoxM, and assemble them with
previously published PBM data (Figure S4, Table S2, Table S3).
In addition to finding more examples of proteins that exhibit the
sequence preferences described above, we also discovered a third
instance of binding to an FHL-like motif. Two metazoan FoxM
proteins exhibit high specificity for the FkhP and FkhS motifs,
and for a third FHL variant, GATGC, which we refer to as FHL-
M. The most preferentially bound 8-mer matching this motif is
an overlapping inverted repeat, GATGCATC; human FoxM1 has
previouslybeenshowntobindoverlappingmultimersoftheFkhP
motif in vitro, which suggests that these two FoxM proteins might
bind as dimers to GATGCATC. Phylogenetic analysis strongly
supportsanindependentoriginoftheFoxMsubfamilyfromFoxN
(p<10
-4,likelihoodratiotest,FigureS3D),inthateachsubfamily
is more closely related to proteins that bind only FkhP and FkhS
than to each other, suggesting that this represents yet a third
independentemergenceofaformofFHLbinding(FHL-M),with
each one characterized by slight differences in DNA sequence
preference (Figure 1). As in the case of FoxN and Fox3, ML
inference with a starting tree containing a FoxM+N clade leads
to separation of the subfamilies (Figure S3E,F).
Biclustering of the 30 total Fox proteins and bound 8-mers
according to PBM enrichment (E) scores reveals three major
functional protein classes (Figure 4). The first prominent clus-
ter of proteins is characterized by specificity only for the FkhP
and FkhS motifs. Binding to these motifs tracks together across
proteins; the motif constructed from these 8-mers is an average
over both motifs. This FkhP,S-binding cluster comprises repre-
sentatives of widely varying subfamilies, including clade I (M.
musculus FoxA2 and FoxL1), metazoan clade II (M. musculus
FoxJ3 and FoxK1), and fungal Fox1, Fox2, and Fox4 (S. cerevisiae
Fkh1, Fkh2, and Hcm1, and A. macrogynus Fox4). This broad
distribution of FkhP,S binding specificity supports the hypothesis
that it is the ancestral binding specificity of the entire forkhead
family.
Thesecondlargeclustercomprisesdomainsthatareuniquely
specificfortheFHLmotif:holozoanFoxN1/4andfungalFox3(S.
cerevisiae subgroup). This cluster is further divided into holozoan
and fungal groups, based on preference for the FHL-N versus
FHL-3 variants, as described above.
The third major cluster combines several proteins exhibiting
broad specificity. The bispecific metazoan FoxN2/3 and FoxM
subfamilies are present in this cluster, along with M. musculus
FoxJ1 and A. macrogynus Fox3, both of which show strong pref-
erence for the FkhP and FkhS motifs and weaker preference for
the FHL motif variants.
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One of the forkhead-like domains from the non-opisthokont
Acanthamoeba castellanii did not fall into any of these three
clusters, as it binds another distinct motif (see Figure 1, Figure
S4). These binding differences are associated with widespread
differences in the recognition helix (Figure 5A). Indeed, altered
recognition positions (Figure 5B) can clearly explain the non-
FkhP,Sspecificitiesoftheforkhead-relatedproteinfromA.castel-
lanii and A. nidulans Fox3; furthermore, there are sufficient
differences in the recognition helix of H. sapiens FoxR1 that it is
perhaps surprising that its specificity is so similar to that of other
Fox proteins. Surprisingly, however, the majority of specificity
changes in the Fox family, including FHL binding and bispeci-
ficity, do not correlate with changes in canonical specificity-
determining positions. Indeed, although H. sapiens FoxN4 is
highly specific for only the FHL motif, and H. sapiens FoxN2 is
bispecific and robustly binds FkhP and FkhS sites as well as the
FHL motif, these two FoxNs are identical throughout the entire
recognition helix; thus, the inability of FoxN4 to recognize FkhP
sites is not strictly a function of the canonical DNA-contacting
residues in the recognition helix.
Discussion
The previously unappreciated diversity in DNA binding speci-
ficity of Fox domain TFs that we have discovered raises the
questionofhowspecificityhasevolvedinthisfamily.Wehavepre-
sented evidence that major changes in specificity have occurred
separately in three different Fox subfamily lineages. In fungal
Fox3 proteins, two different alternate specificities (FHL-3 and
FVH) have arisen, with alteration of the canonical recognition
positions in the FVH-binding but not the FHL-3-binding pro-
teins. In metazoan FoxM proteins, binding to the canonical FkhP
and FkhS sites has been supplemented with binding to a very
different site, the FHL-M motif, with the same proteins binding
well to both motifs. In addition, in the holozoan FoxN subfamily
some proteins (FoxN2/3) exhibit this kind of bispecificity for
two very different motifs (FkhP,S and FHL-N), while others
(FoxN1/4) have completely lost the ability to bind the classic
forkhead site (FkhP,S) in favor of the FHL-N motif. Finally, a
derived subfamily unique to vertebrates (FoxR) appears to have
regainedspecificityforavariantofthecanonicalFkhPmotiffrom
a more recent, exclusively FHL-specific ancestor. Formally, it is
possible that lineages containing only proteins that bind only the
FkhP,S sequences are derived from a more promiscuously bind-
ing ancestor with loss of FHL binding; however, this model would
require a much larger number of specificity changes than the
model we put forth here. Moreover, each instance of specificity
change inferred from phylogenetic analyses is corroborated by
minor but consistent differences in the motifs that have arisen;
for example, all FoxN proteins bind to a version of the FHL motif
that is distinguishable from the very similar FHL motif of fungal
Fox3 proteins by preferences at a flanking position.
Our strategy of combining phylogenetic inference with com-
prehensive assays of DNA binding specificity permits us to study
the evolution of DNA binding specificity in more detail using
information from these complementary approaches. The mono-
phyly of clade I, for example, is supported both by a high-
confidence node in the inferred phylogeny and by the observed
uniformity of binding specificity within this group. In the ab-
sence of phylogenetic analyses, the observation of an alternate
specificity (GAYGC) appearing three times in different Fox do-
main subfamilies would lead to a parsimonious hypothesis that
one ancestral FHL-binding forkhead domain arose before the
last common ancestor of metazoa and fungi and gave rise to
fungal Fox3 and metazoan FoxM and N groups. However, this
hypothesis is strongly refuted by ML phylogenetic inference,
which instead suggests independent origins of all three groups of
alternate-specificity proteins. Further support for this surprising
model comes from the observation that fine differences in FHL
specificity distinguish these three groups, as discussed above.
This model raises the question of how such similar alternate
specificities could have arisen independently in three different
forkhead lineages. In the group of Fox3 proteins from fungi
related to A. nidulans, the alteration in specificity to the FVH
motifwithconcomitantlossofbindingtoFkhP,Ssequencesmight
be due to the extensive changes observed in the recognition helix.
However, the appearances of the FHL motif variants during
forkheadevolution,whetheralongwithFkhPbindinginbispecific
proteins or as a replacement, do not correlate with any changes
at a.a. positions known to specify FkhP binding, and suggest an
alternate mechanism for changes in DNA binding specificity.
We propose that the existence of bispecific proteins that bind
both FkhP,S and FHL sequences with high specificity points to
a possible explanation — that some Fox domain proteins which
bind strongly to the FkhP site can achieve an alternate conforma-
tion which supports recognition of the FHL motif. It is intriguing,
in the context of this observation, that both M. musculus FoxJ1
and A. macrogynus Fox3 show weak binding to a subset of FHL-
containing 8-mers, and exhibit binding similarity to bispecific
factors that bind much more strongly and specifically to the FHL
motif (see Figure 4). We suggest that the Fox domain can adopt
an alternate DNA binding mode, and thus possesses an inherent
"evolvability" of DNA sequence specificity that has permitted the
emergence of FHL binding multiple independent times.
Allostery is a widespread and fundamental phenomenon in
biologicalregulation,and in principlethe useofalternate binding
modes to recognize multiple sequence motifs could result in
alternate protein interaction surfaces of a TF, thus creating a new
regulatory role for the alternate binding motifs as allosteric effec-
tors of interactions with cofactors (31, 32). Exploring the mecha-
nisms of such regulatory consequences will require an approach
combiningstructuralstudiesofdistinctTF-DNAcomplexes,such
as those identified here, with in vivo analyses of binding site
utilization and function. This newly discovered phenomenon of
DNA binding bispecificity suggests a novel source of modularity
and flexibility in the structure of TFs and transcriptional reg-
ulatory networks. Improved understanding of the evolution of
TF binding specificity will provide insights into the evolution of
transcriptional regulatory networks, which ultimately will shed
light on the processes underlying the evolution of new body plans
and environmental responses.
Materials and Methods
Forkhead sequences
The genome sequences and annotations used in this study are summa-
rized in Table S1. For each annotated protein sequence, we performed a
hidden Markov model (HMM) search using HMMER3 (33) with the Fork head
domain (PF00250) in the Pfam database (E-value < 10
-10) (29). Using the
hit sequences as queries, we conducted iterative homology search using
PSI-BLAST (E-value < 10
-10) (34). We then constructed a HMM from each
multiple alignment of forkhead sequences, and searched against all protein
sequences again. All obtained genes are described with their identiﬁcation
method in Table S1. All sequences used for the phylogenetic analysis contain
ﬁve alpha-helices and three beta-sheets as in human FoxP2 (11).
For phylogenetic analyses, each a.a. sequence of Fox domains was
aligned using ﬁve multiple sequence alignment programs: a) L-INS-i program
in MAFFT (35), b) T-Coffee (36), c) MUSCLE (37)), d) Clustal Omega (38),
and e) Clustal W (39). The accuracies of multiple sequence alignments were
evaluated by FastSP (40), and the MAFFT alignment was selected by the
number of homologous a.a. sites.
Phylogenetic inference
The a.a. replacement models of LG (41) with gamma-distributed rate
variation (α = 0.881) were selected for whole forkhead domains, using the
Akaike information criterion implemented in PROTTEST 3 (42). Phylogenetic
trees were constructed using the maximum-likelihood method in PhyML 3.0
(43) with robustness evaluated by bootstrapping (100 times) (44) and by
approximate likelihood-ratio test (aLRT) (45, 46). The starting tree for branch
swapping was obtained using a ML tree constructed by RAxML (47). For
likelihood ratio tests, two ML trees were constructed from the ML tree in
Figure 2, changing the branching pattern of Fox3 and FoxM (Figure S3A and
S3B, respectively). RAxML was applied to optimize the lengths of branches
545
546
547
548
549
550
551
552
553
554
555
556
557
558
559
560
561
562
563
564
565
566
567
568
569
570
571
572
573
574
575
576
577
578
579
580
581
582
583
584
585
586
587
588
589
590
591
592
593
594
595
596
597
598
599
600
601
602
603
604
605
606
607
608
609
610
611
612
Footline Author PNAS Issue Date Volume Issue Number 5
613
614
615
616
617
618
619
620
621
622
623
624
625
626
627
628
629
630
631
632
633
634
635
636
637
638
639
640
641
642
643
644
645
646
647
648
649
650
651
652
653
654
655
656
657
658
659
660
661
662
663
664
665
666
667
668
669
670
671
672
673
674
675
676
677
678
679
680Submission PDF
and calculate ML scores (-13422.7 for Figure S3A and -13414.9 for Figure S3B).
Comparing the ML score obtained from the tree in Figure 2 (-13406.2), p-
values were calculated based on the chi-square distribution with one degree
of freedom.
Cloning and protein expression
The DBDs of the forkhead proteins, ﬂanked by attB recombination
sites, were constructed by gene synthesis and cloned into the pUC57 vector
(GenScript USA, Inc.). Constructs were transferred to the pDEST15 vector,
which provides an N-terminal glutathione S-transferase (GST) tag, using the
Gateway recombinational cloning system (Invitrogen). All cloned forkhead
domain sequences are provided in Table S4. Proteins were expressed by in
vitro transcription and translation (IVT) using the PURExpress in vitro Protein
Synthesis kit (New England BioLabs, Inc.). Concentrations of the expressed
GST-fusion proteins were determined by Western blots in comparison to a
dilution series of recombinant GST (Sigma).
PBM experiments and analysis
Double-stranding of oligonucleotide arrays and PBM experiments were
performed essentially as described previously, except where noted in Ta-
ble S4, using custom-designed "all 10-mer" arrays in the 4x44K (Agilent
Technologies, Inc.; AMADID #015681) or 8x60K (Agilent Technologies, Inc.;
AMADID #030236) array format (28, 48). Microarray data quantiﬁcation,
normalization, and motif derivation were performed as described previously
(28, 48); some published PBM data (21) were reanalyzed for this study. DNA
binding site motif sequence logos were generated using enoLOGOS (49). 8-
mer E-score data were collected for any contiguous 8-mer bound (E-score ≥
0.35) by at least one assayed Fox protein and clustered using the heatmap.2
function in the gplots R package with the Manhattan distance metric.
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